Cytoglobin (CYGB) is ubiquitously expressed in the cytoplasm of fibroblastic cells in many organs, including hepatic stellate cells. As yet, there is no specific marker with which to distinguish stellate cells from myofibroblasts in the human liver. To investigate whether CYGB can be utilized to distinguish hepatic stellate cells from myofibroblasts in normal and fibrotic human liver, human liver tissues damaged by infection with hepatitis C virus (HCV) and at different stages of fibrosis were obtained by liver biopsy. Immunohistochemistry was performed on histological sections of liver tissues using antibodies against CYGB, cellular retinol-binding protein-1 (CRBP-1), a-smooth muscle actin (a-SMA), thymocyte differentiation antigen 1 (Thy-1), and fibulin-2 (FBLN2). CYGB-and CRBP-1-positive cells were counted around fibrotic portal tracts in histological sections of the samples. The expression of several of the proteins listed above was examined in cultured mouse stellate cells. Quiescent stellate cells, but not portal myofibroblasts, expressed both CYGB and CRBP-1 in normal livers. In fibrotic and cirrhotic livers, stellate cells expressed both CYGB and a-SMA, whereas myofibroblasts around the portal vein expressed a-SMA, Thy-1, and FBLN2, but not CYGB. Development of the fibrotic stage was positively correlated with increases in Sirius red-stained, a-SMA-positive, and Thy-1-positive areas, whereas the number of CYGB-and CRBP-1-positive cells decreased with fibrosis development. Primary cultured mouse stellate cells expressed cytoplasmic CYGB at day 1, whereas they began to express a-SMA at the cellular margins at day 4. Thy-1 was undetectable throughout the culture period. In human liver tissues, quiescent stellate cells are CYGB positive. When activated, they also become a-SMA positive; however, they are negative for Thy-1 and FBLN2. Thus, CYGB is a useful marker with which to distinguish stellate cells from portal myofibroblasts in the damaged human liver.
Stellate cell activation-associated protein was originally discovered by proteomic analysis (in 2001) 1 in cultured rat hepatic stellate cells that have vitamin A storage ability when quiescent and function as liver-specific pericytes. Histoglobin 2 and Cytoglobin (CYGB) 3 were reported by Trent and Hargrove 2 and by Burmester et al, 3 respectively, in 2002. These proteins, in addition to stellate cell activationassociated protein, were classified as human, mouse, and rat homologs of a hexacoordinate globin that differs from the traditional pentacoordinate globins, such as myoglobin and hemoglobin. 4 CYGB consists of 190 amino acids with a calculated molecular mass of 21 kDa, and its amino acid sequence is highly conserved among species. 3 Human CYGB has B25% amino acid identity with vertebrate myoglobin and hemoglobin and 16% identity with human neuroglobin, which is another type of globin that is present specifically in the nervous system. CYGB is thus recognized as the fourth globin of mammals. 5 The CYGB gene is located on human chromosome 17q25.3 and mouse chromosome 11E2.
Although myoglobin, hemoglobin, and neuroglobin are tissue restricted to cardiomyocytes and skeletal myofibers, erythrocytes, and the nervous system, respectively, CYGB is ubiquitously expressed in the cytoplasm of mesenchymal fibroblastic cells of many organs, 6 and CYGB was reported to be present in the nucleus of human hepatocytes. 7 In particular, CYGB is present in stellate cells in the liver and pancreas, reticulocytes in the spleen, mesenchymal cells in the submucosal layer of the gut, and mesangium cells and stromal cells in the rat kidney. Therefore, one interesting aspect of CYGB expression is its presence in visceral cells that have the ability to store vitamin A. CYGB has also been observed in some neuronal subpopulations of the central and peripheral nervous systems in humans.
Hepatic stellate cells have conventionally been recognized as hepatic fibroblastic cells (myofibroblasts are also categorized as this cell type) that preferentially localize to the portal region. Considering that quiescent stellate cells are transformed into activated stellate cells, the liver contains at least three types of fibroblastic cells: stellate cells, activated stellate cells, and portal myofibroblasts. 8, 9 Stellate cells are desmin positive in rodents 10 and, when activated, they express a-smooth muscle actin (a-SMA). In addition, these cells express cellular retinol-binding protein-1 (CRBP-1) and participate in the metabolism of retinol and retinyl esters. 11 In contrast, thymocyte differentiation antigen 1 (Thy-1 or CD90) [12] [13] [14] and fibulin-2 (FBLN2) [15] [16] [17] have been utilized as markers of liver myofibroblasts. These cell type-specific markers of liver fibroblastic cells have been largely utilized in studies with rodents. However, a specific marker to distinguish stellate cells from myofibroblasts in the human liver has not yet been identified.
The aims of our present work were to investigate whether CYGB is a reliable marker of stellate cells in the normal human liver and to study the expression of CYGB, CRBP-1, Thy-1, FBLN2, and a-SMA in fibrotic and cirrhotic human liver.
MATERIALS AND METHODS Human Liver Tissues
Human liver tissues damaged by hepatitis C virus (HCV) infection at various fibrosis stages (from F1 to F4, 10 samples each) and one tissue sample damaged by nonalcoholic steatohepatitis (NASH) at fibrosis stage F2 (58-year-old woman with serum alanine aminotransferase (ALT) 110 IU/l) were obtained by liver biopsy at Osaka City University Medical School Hospital (Osaka, Japan) from August 2006 to September 2011. Intact human liver tissues were obtained from patients who had metastatic liver tumors or cholangiocarcinoma treated by surgical resection. The procedures for this study were in accordance with the Helsinki Declaration of 1975 (2000 revision). Liver biopsy was performed after informed consent had been granted.
Clinical Data
The age, sex, and primary clinical data for each patient were obtained on consultation or admission to our university hospital. ALT levels, albumin levels, platelet counts, and anti-HCV antibody levels were measured at the Central Clinical Laboratory of Osaka City University Medical School Hospital (Table 1) .
Histopathological Diagnosis
Liver biopsy was performed in all 41 patients using a 15-gauge Tru-Cut needle (Hakko, Tokyo, Japan) under ultrasound guidance. The tissue samples fulfilled the size requirements suggested by Janiec et al: 18 adequate liver biopsy samples were defined as having a length 41.0 cm and/ or the presence of at least 10 portal tracts. The liver tissues were fixed in 10% formaldehyde, embedded in paraffin, and cut into 4-mm-thick sections. Deparaffinized sections were stained with hematoxylin-eosin and Azan-Mallory, dehydrated in 100% ethanol, cleared by xylene, mounted with NEW M Á X (Matsunami Glass Industries, Osaka, Japan), and then examined by microscopy. The degree of liver fibrosis was assessed based on the new Inuyama classification 19 as follows: F0, no fibrosis; F1, expansion of the portal tracts without linkage; F2, portal expansion with portal-to-portal linkage; F3, extensive portal-to-portal and focal portal-to-central linkage; and F4, cirrhosis ( Table 1) .
The sections were also stained with 0.1% (w/v) Sirius red (Direct Red 80; Aldrich, Milwaukee, WI, USA) in a saturated aqueous picric acid solution for 1 h at room temperature to visualize collagen fibers. After staining, the sections were washed in two changes of 0.01 N HCl and mounted as described above. 20 Immunostaining of Human Liver Tissues For immunohistochemistry, paraffin sections were dewaxed in xylene and rehydrated in decreasing concentrations of ethanol (xylene: 3 Â 3 min; 100% ethanol: 2 Â 3 min; 95% ethanol: 3 min; 70% ethanol: 3 min). Primary antibodies and immunohistochemistry conditions are listed in Table 2 . In brief, the sections were deparaffinized and treated with a solution of 3% H 2 O 2 in 100% methanol for 10 min at room temperature to block endogenous peroxidase activity. 0 -diaminobenzidine (Dako). The resultant sections were stained and analyzed using a BZ-8000 microscope (Keyence, Osaka, Japan).
Subsequently, double immunofluorescence staining was performed. After the paraffin sections were dewaxed, the sections were incubated with a mixture of antibodies against CYGB and a-SMA as described previously. 21 After rinsing in PBS, the sections were incubated with a mixture of fluorochrome-conjugated secondary antibodies: AlexaFluor 488 goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) and AlexaFluor 594 goat anti-mouse IgG (Molecular Probes). The sections were briefly washed and mounted with ProLong Gold Antifade Reagent (Molecular Probes). The resulting sections were stained and analyzed using a BZ-8000 microscope (Keyence).
Morphometry for Hepatic Fibrosis
For morphometric image analysis of hepatic fibrosis in immunostaining, the areas of the liver sections that were positive for Sirius red (red), a-SMA (brown), or Thy-1 (brown) were captured separately using a charge-coupled device (CCD) camera connected to a macro digital filing system (DP70 Á BX-51; Olympus Corporation, Tokyo, Japan). Images representing the whole biopsy section were acquired at Â 200 magnification and digitalized. These separately captured and digitalized images were consolidated to create one large image using e-Tiling (Mitani Corporation, Tokyo, Japan). Collagen-or a-SMA-positive areas were measured using Lumina Vision 2.4 (Mitani Corporation) and were calculated automatically. The hepatic fibrotic area (%) was calculated as the area stained with the selected color divided by the whole tissue area at Â 100 magnification. 20 In fibrotic livers, the number of CYGB-and CRBP-1-positive stellate cells in each field was counted around fibrotic portal tracts (F1 to F4 samples). The analysis was performed on each 10-sample group of F1-F4 tissues using an average of five fields per zone (1.4 mm 2 ) (100 Â objective). We counted the cell bodies that stained positively and contained a nucleus.
Cell Lines
The human HSC line LX-2 was donated by Dr Scott L Friedman at the Mount Sinai School of Medicine (New York, NY, USA). 22 LX-2 cells were cultured on plastic dishes or glass chamber slides in Dulbecco's modified Eagle's medium (DMEM; Sigma Chemical, St Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin. Huh7 cells (JCRB0403), which were obtained from the Japanese Collection of Research Bioresources (JCRB) Cell Bank (Osaka, Japan), were maintained on plastic culture plates in DMEM supplemented with 10% FBS. In some experiments, LX-2 cells were transfected with the pEGFPcytoglobin vector (Clontech, Mountain View, CA, USA) using FuGENE HD (Roche, Applied Science, Indianapolis, IN, USA). The cells were collected at 24 h after transfection.
Preparation of Primary Cultured Mouse Hepatic Stellate Cells
Primary mouse stellate cells were isolated from 12-to 16-week-old male C57BL/6N mice (Japan SLC, Shizuoka, Japan) by pronase-collagenase digestion and subsequent purification with a single-step Nycodenz gradient, as previously described. 23 All animals received humane care. The experimental protocol was approved by the Committee Mo mono, mouse monoclonal antibody; Rb poly, rabbit polyclonal antibody.
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of Laboratory Animals, Osaka City University Medical School, and was performed according to institutional guidelines. Isolated stellate cells were cultured on plastic dishes or glass chamber slides in DMEM (Sigma Chemical) supplemented with 10% FBS (Invitrogen), 100 U/ml penicillin, and 100 mg/ml streptomycin. The purity of the cultures was determined based on observation of the characteristic stellate cell shape using phase-contrast microscopy.
Quantitative Real-Time PCR Total RNA was extracted from stellate cells using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). cDNA was synthesized as previously described. 24 Gene expression was measured by quantitative real-time PCR using cDNA, THUNDERBIRD SYBR qPCR Mix Reagents (Toyobo, Osaka, Japan), and a set of gene-specific oligonucleotide primers. The reactions were performed in an Applied Biosystems Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also measured as an internal control.
Immunoblotting
Protein samples (30 mg) were subjected to 5-20% gradient SDS-polyacrylamide gel electrophoresis (ATTO, Tokyo, Japan) and transferred to Immobilon P membranes (Millipore Corporation, Bedford, MA, USA). After blocking, the membranes were probed with a primary antibody against CYGB (1:1000; our laboratory), a-SMA (1:2000; Dako), Thy-1 (1:1000; Abcam, Cambridge, UK), or GAPDH (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA, USA). The membranes were then labeled with horseradish peroxidaseconjugated secondary antibodies. Immunoreactive bands were visualized using the ECL detection reagent (GE Healthcare, Buckinghamshire, UK) and documented with an LAS 1000 device (Fuji Photo Film, Kanagawa, Japan).
Data Analysis
The data are presented as bar graphs representing the mean±s.d. in all experiments. Statistical analyses were performed using Student's t-test. Po0.05 indicated statistical significance.
RESULTS

Specificity of the Anti-CYGB Antibody
We previously generated rabbit polyclonal anti-rat CYGB antibodies that stain stellate cells in intact and fibrotic rat liver and other visceral organs. 1, 25 In the present study, we newly generated rabbit polyclonal and mouse monoclonal antibodies against human CYGB in our laboratory. Immunoblot analysis revealed that the rabbit polyclonal antibodies detected purified recombinant human CYGB, 26 which was provided by RIKEN (Harima, Hyogo, Japan), at 21 kDa and EGFP-binding recombinant human CYGB (generated in our laboratory) at 48 kDa; however, the antibodies did not detect human albumin. LX-2 and Huh 7 cells expressed negligible levels of CYGB ( Figure 1a ). The monoclonal antibody produced almost identical results (data not shown).
Immunohistochemical Characterization of Intact Human Liver Intact human liver tissues were obtained by surgical resection from patients with metastatic liver tumors or cholangiocarcinoma, and the expression levels of CYGB, a-SMA, Thy-1, and FBLN2 were determined ( Figure 1 ). As shown in Figure 1bA and B, the obtained tissue samples showed negligible inflammatory cell infiltration and negligible expansion of fibrotic areas. Immunostaining using the polyclonal antibodies against human CYGB revealed positive cells along the sinusoids throughout the lobule (Figure 1bC and D). Similar results were obtained with the monoclonal antibody (Figure 1bE and F). The hepatocytes and the cells in the portal areas were CYGB negative. CYGBpositive cells were present in the serial sections, and we identified these cells as stellate cells because an enlarged view revealed that they were located between the hepatocytes and the lumen of the sinusoids. In addition, these cells contained lipid droplets in their cytoplasm, and their cytoplasmic processes expanded along the sinusoids (Figure 1bD and F).
Immunohistochemistry was further performed on intact human liver samples using antibodies against CRBP-1, a-SMA, FBLN2, and Thy-1. In the liver parenchyma, strong expression of CRBP-1 was observed along the sinusoids (Figure 2a ). An enlarged view showed that CRBP-1-positive cells contained lipid droplets, indicating that they were hepatic stellate cells. There were no CRBP-1-positive cells around the portal area. Instead, a-SMA-positive cells predominated; these cells also existed in the walls of the vessels, but not along the hepatic sinusoids (Figure 2b ). In addition, the regions adjacent to the portal vein contained limited numbers of cells that stained for FBLN2 or Thy-1 (Figure 2c and d) , which are also biomarkers of myofibroblasts.
Taken together, these findings indicate that CYGB and CRBP-1 are uniquely expressed in hepatic stellate cells in the intact human liver, whereas myofibroblast markers such as a-SMA, FBLN2, and Thy-1 are locally present in cells around the portal tract.
Immunohistochemistry of CD68, LYVE-1, and CRBP-1 in Relation to CYGB CD68 is a glycoprotein that binds to low-density lipoprotein and is expressed by monocytes and macrophages. Kupffer cells are positive for CD68. 27 We found that spindle-shaped CD68-positive cells were present in the sinusoids in the intact human liver, indicating that these cells were Kupffer cells. These cells were predominantly located along the sinusoids (Figure 3a) . Double immunofluorescence staining showed that CD68 did not colocalize with CYGB ( Figure  3b-d) . LYVE-1, also known as extracellular link domaincontaining 1 (XLKD1), acts as a receptor for both soluble and immobilized hyaluronan. Sinusoidal endothelial cells are LYVE-1 positive. 28 We observed LYVE-1 positivity along the hepatic sinusoid in the sinusoidal walls, indicating that 
CYGB Expression in Fibrotic and Cirrhotic Human Livers
Liver tissues were isolated from patients at different HCV-induced fibrosis stages (from F1 to F4) and subjected to histochemical and immunohistological examination ( Figure 4 ). The extent of collagen deposition at each fibrosis stage was estimated by Sirius red staining, which is shown in Figure 4aA (for F1), E (F2), I (F3), and M (F4). In the liver parenchyma, cells that were positive for CYGB (Figure 4 B, F, J, and N) or CRBP-1 ( Figure 4C , G, K, and O) were present along the hepatic sinusoids, indicating that they were stellate cells. a-SMA was expressed in cells around the periportal area, and its expression extended along the expansion of collagen deposition, as shown by Sirius red staining, and along the hepatic sinusoids (Figure 4 D, H, L, and P).
Notably, CYGB-and CRBP-1-positive cells (stellate cells) were present inside the hepatic nodules; however, they were scarce in the fibrotic septum of cirrhotic (F4) livers ( Figure 4N for CYGB and Figure 4O for CRBP-1), in contrast with the abundance of a-SMA-positive cells in the fibrotic septum ( Figure 4P ). We further studied the expression of CYGB, CRBP-1, and a-SMA in human NASH tissue (fibrosis stage F2). The results were similar to those obtained in HCV-induced fibrotic tissue: CYGB-and CRBP-1-positive cells were present along the hepatic sinusoids in the liver parenchyma, and a-SMA was expressed by cells around the portal area, with its expression extending along the deposited collagen ( Figure 4Q , R, and S).
To quantify the immunohistochemistry results, we performed immunoblot analysis using rabbit polyclonal antihuman CYGB antibodies, which specifically react with human CYGB but not mouse CYGB, in human liver samples and fibrotic mouse livers. We detected a band at the position of purified recombinant human CYGB (21 kDa) in HCVinfected human fibrotic liver tissues at the F2 stage; however, this band was not detected in normal human liver samples. In addition, no CYGB band was observed in fibrotic liver tissues from mice treated with a choline-deficient amino acid-defined diet (for 32 weeks) or N,N-diethylnitrosamine Figure 5 . The distribution patterns of three myofibroblast biomarkers, a-SMA (Figure 5b, e, h, k, n) , Thy-1 (Figure 5c , f, i, and l), and FBLN2 (Figure 5o ), in the portal areas were nearly identical in fibrotic livers. The distribution of CYGB was mutually exclusive with the distribution of these three proteins (Figure 5a, d, g, j, and m) .
The mutually exclusive localization patterns of these cell type-specific markers were further examined by double immunofluorescence staining (Figure 6 ). CYGB was expressed in cells close to the parenchymal area of F1 to F3 livers (Figure 6a, d, and g ), and its expression did not overlap with that of a-SMA (Figure 6c, f, and i) . However, in the F4 liver, cells near the extended fibrotic septum were double positive for CYGB and a-SMA, strongly suggesting that these cells were activated stellate cells. In the F3 liver, neither FBLN2 nor Thy-1 overlapped with CYGB (Figure 6m-r) .
Taken together, these data reveal that CYGB and CRBP-1 are excellent markers of human stellate cells in both intact and fibrotic livers and that stellate cells become positive for a-SMA when activated. We hypothesize that cells positive for FBLN2 and Thy-1 are different from stellate cells and exhibit the phenotype of portal myofibroblasts that are a-SMA positive in intact human liver tissue.
Quantitative Analysis of the Contributions of Stellate Cells and Myofibroblasts to the Progression of Fibrosis
Of the 40 HCV-infected patients who underwent liver biopsy, the proportion of fibrotic area (as determined by Sirius red staining and immunostaining for a-SMA and Thy-1) was significantly correlated with the stage of liver fibrosis according to the new Inuyama classification. The Sirius red-positive area increased from 1.8% in F1 to 3.66%, 8.57%, and 16.8% in F2, F3, and F4, respectively (Figure 7a ). Similarly, the a-SMA-positive area increased from 1.26% in F1 to 1.82%, 5.65%, and 8.31% in F2, F3, and F4, respectively (Figure 7b ). The Thy-1-positive area increased from 1.13% in F1 to 2.13%, 5.43%, and 7.52% in F2, F3, and F4, respectively (Figure 7c ). In contrast, the density of CYGB-positive cells (Figure 7d ) and CRBP-1-positive cells (Figure 7e) 
CYGB Expression in Primary Mouse Stellate Cells
We determined above the in vivo expression profiles of cell type-specific biomarkers in stellate cells and myofibroblasts in intact and fibrotic human liver tissues. Next, we questioned whether these in vivo expression profiles could be reproduced in an in vitro system. We utilized primary cultures of mouse stellate cells rather than human stellate cells because human stellate cells in a normal quiescent stage are difficult to obtain for laboratory use. These cells were cultured for up to 7 days, during which changes in the expression levels of CYGB, a-SMA, and Thy-1 were immunohistochemically examined (Figure 8) .
At 1 day of culture after isolation from the intact liver, mouse stellate cells adhered to plastic plates and exhibited round cell bodies with numerous lipid droplets similar to those observed in lipocytes (Figure 8aA) . The cell bodies then began to gradually spread and flatten, and they successively increased in size and lost their lipid droplets, resulting in an activated myofibroblastic phenotype (Figure 8aB and C) . Immunocytochemical analyses confirmed the consistent expression of CYGB until day 7 of culture ( Figure 8aA-C) . a-SMA was not observed at day 1 ( Figure 8aD) ; however, it later appeared at days 4 and 7 (Figure 8aE and F) . Double immunofluorescence analysis confirmed the presence of both CYGB and a-SMA in stellate cells at days 4 and 7 (Figure 8aH and J), although their intracellular localization patterns were different; Cygb was distributed diffusely in the cytoplasm, whereas a-SMA tended to accumulate at the periphery of the cells. Immunostaining for CRBP-1 and a-SMA yielded similar results, although CRBP-1 expression was decreased in 7-daycultured stellate cells, presumably because of the loss of vitamin A in the cytoplasm (data not shown). Thy-1 was not observed throughout the culture period (Figure 8aM-O) . The above-mentioned expression profiles of the marker proteins were confirmed by immunoblot analysis (Figure 8b ). These results led us to hypothesize that the a-SMA-positive cells observed at later stages of culture were not myofibroblasts but rather activated stellate cells because they were Thy-1 negative.
DISCUSSION
Cytoglobin Is an Excellent Marker of Human Stellate Cells CYGB was previously isolated from cultured rat hepatic stellate cells that have vitamin A storage ability in the quiescent state and function as liver-specific pericytes. 1 Figure 5 Histological analyses of human liver fibrosis at different stages (F1 to F4) according to the new Inuyama classification. Immunohistochemistry for CYGB (a, d, g, j, m) , a-SMA (b, e, h, k, n), Thy-1 (c, f, i, l), and FBLN2 (o). At each stage, CYGB (arrows) had limited expression in sinusoids, and the positive cells were deemed stellate cells. a-SMA was expressed in the vessel walls of the portal vein and artery, around bile ducts, and in the cells in Glisson's capsule. Some a-SMA-positive cells were also present in the parenchyma at stage F4 (k). Both Thy-1 and FBLN2 had limited expression in Glisson's capsule and the extended fibrotic septum in all stages of liver fibrosis. Bar, 50 mm. p, portal vein.
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Histoglobin, CYGB, and stellate cell activation-associated protein were classified as human, mouse, and rat homologs of a hexacoordinate globin that differs from the traditional pentacoordinate globins such as myoglobin and hemoglobin. [1] [2] [3] [4] CYGB is induced during the activation of rat hepatic stellate cells, which become myofibroblast-like cells, and its expression is increased in fibrotic livers in rodent models. 1 However, it is unclear whether CYGB is expressed in both stellate cells and portal myofibroblasts. Previously, Ogawa et al 21 isolated vitamin A-free cells from the nonparenchymal cell fraction in rat livers using FACS analysis. Ogawa et al 21 then demonstrated that vitamin A-positive cells are desmin, CYGB, and a-SMA positive and also highly express oxidized low-density lipoprotein receptor 1, endothelin receptor B, and cardiac troponin T. In contrast, vitamin A-free cells are negative for desmin and CYGB but positive for a-SMA and FBLN2. These cell types express high levels of arginine vasopressin receptor V1a (Avpr1a), gremlin, osteopontin, collagen a3(V), and lumican. Thus, Ogawa et al 21 concluded that CYGB could be a promising molecular marker of rat hepatic stellate cells. Furthermore, Bosselut et al 29 performed a comparative proteomic study to identify markers and gain insight into the distinct functions of myofibroblasts derived from either hepatic stellate cells or portal mesenchymal cells in rats. 21 The two cell types were subjected to comparative analyses by 2-D MS/MS. CYGB was confirmed to have the highest level of overexpression in activated stellate cells, as confirmed by reverse-transcription quantitative real-time PCR, immunoblot, and immunocytochemical analyses. Thus, CYGB was identified as the best marker for distinguishing stellate cells from portal myofibroblasts. The results also suggested different functions for the two cell populations in the liver wound-healing response, with a prominent role for portal myofibroblasts in scar formation. It should be noted that these previous studies confirmed the expression of CYGB in rodent hepatic stellate cells and in vivo models, whereas the present study addressed the actual localization of CYGB in human stellate cells, but not in portal myofibroblasts that are positive for FBLN2 and Thy-1.
Definition of Hepatic Myofibroblasts
The term 'myofibroblast' was first proposed by Gabbiani et al 30 in 1972 to refer to fibroblastic cells located within granulation tissue that exhibit substantial cytoplasmic microfilaments composed of actin, myosin, and associated proteins. 29 In particular, the microfilaments of myofibroblasts contain a-SMA that is the actin isoform typical of smooth muscle cells located in the vessel wall 30 and has become the most reliable marker for myofibroblastic cells. 31, 32 Myofibroblasts are additionally positive for Thy-1. 12, 13 In the liver, hepatic stellate cells and portal fibroblasts are able to acquire a myofibroblastic phenotype, 8, 33 although it has remained difficult to distinguish myofibroblastic (activated) stellate cells from portal myofibroblasts in human liver tissue. In the current study, we showed that cells that are positive for both CYGB and CRBP-1 represent the quiescent phenotype of human stellate cells that are uniquely localized in the perisinusoidal space, and cells that are additionally positive for a-SMA are myofibroblastic (activated) human stellate cells that are predominantly present near the fibrotic septum of advanced fibrotic liver tissues. Furthermore, we observed that cells positive for Thy-1 and FBLN2 in normal liver tissues (ie, portal myofibroblasts) were present but scarce around the portal vein area.
Dudas et al 12 first reported that Thy-1 is an in vivo and in vitro marker of rat hepatic myofibroblasts, and later confirmed that Thy-1 is not present in normal or capillarized sinusoids or in isolated rat stellate cells, and that it is neither inducible in isolated stellate cells nor upregulated in myofibroblasts. 14 In accordance with this report, we detected Thy-1 positivity to a limited extent around the portal vein area in the intact human liver and in the extended fibrotic septum of the fibrotic human liver, where portal myofibroblasts are located. Culture experiments using mouse stellate cells confirmed that these cells express CYGB throughout the culture period until day 7 and a-SMA at days 4 and 7, whereas Thy-1 is not expressed throughout this period. Thus, our data also support the hypothesis that Thy-1 is not a marker of hepatic stellate cells in humans or mice, although it is expressed in myofibroblasts around the portal vein area. The reason for the minimal expression of Thy-1 in portal myofibroblasts is not known, although Thy-1 regulates fibroblast focal adhesions, cytoskeletal organization, and cell migration. 34 FBLN2 is an extracellular matrix protein of the fibulin family that binds various extracellular ligands and calcium. FBLN2 is present in the basement membrane and stroma of several tissues and may play a role in organ development, particularly during the differentiation of heart, skeletal, and neuronal structures. Knittel et al 15 reported that FBLN2-positive MFs are detectable in the portal field, vessel walls, and hepatic parenchyma of the normal liver, and their number is increased in the septal regions during liver fibrogenesis in rat models. These findings are similar to Figure 6 Double immunofluorescence staining. CYGB (red in panels a, d, g, and j; green in panels m and p), a-SMA (green in panels b, e, h, and k), DAPI (blue), Thy-1 (red in panel n), and FBLN2 (red in panel q) are shown. Merged photographs of CYGB and a-SMA, FBLN2, or Thy-1 are also presented. CYGB was expressed in the parenchyma and inside hepatocytic nodules. Cells constituting the fibrotic septum in advanced fibrosis (F3) were positive for a-SMA but negative for CYGB. CYGB and a-SMA double-positive cells were occasionally present around the fibrotic septum of F4 liver (i). CYGB-positive cells did not overlap with cells that were positive for Thy-1 or FBLN2 (o and r) . Bar, 100 mm. Expression of cytoglobin in human stellate cells H Motoyama et al such as retinol and retinoic acid, has not been developed, and detection of these compounds via fluorescence microscopy is inconvenient for fixed human liver tissues obtained via clinical procedures. In this context, the use of CRBP-1, a carrier protein of intracellular retinol, is reasonable. 11 CRBP-1 was observed to be downregulated in human livers with advanced fibrosis (Figure 7 ), presumably because of the loss of vitamin A in stellate cells upon cell activation.
As discussed above, a-SMA is frequently used as a marker of activated and myofibroblastic stellate cells. [29] [30] [31] [32] [33] However, this cytoskeletal protein is also expressed in portal myofibroblasts and vascular smooth muscle cells in the arteries, portal vein, and central veins, indicating that a-SMA is not specific for stellate cells. Vinculin, a membrane-cytoskeletal protein in focal adhesion plaques, and synemin, an intermediate filament, show localization patterns similar to that of a-SMA. 36, 37 Desmin, a 52 kD protein that is a subunit of intermediate filaments in skeletal muscle, smooth muscle, and cardiac muscle, was originally identified as a stellate cell marker by Yokoi et al 10 in 1984. Desmin is clearly detectable in mouse and rat stellate cells in tissue and in primary culture but not expressed by human stellate cells. Furthermore, desmin expression in rodent hepatic stellate cells has been reported to be both heterogeneous and location dependent. 38 Thus, desmin is no longer considered to be a specific marker of stellate cells. Although neural cell adhesion molecule (also known as CD56) and the intermediate proteins glial fibrillary acidic protein and vimentin have frequently been used as markers of stellate cells, these proteins are also expressed by myofibroblasts. 39, 40 In addition, although neurotrophin-3 is specific for stellate cells, it disappears in activated stellate cells in human tissue. 41 
CONCLUSIONS
Taken together, our findings reveal that CYGB is an excellent marker for quiescent and activated stellate cells in both intact and fibrotic human liver. Because the identity of the cell types that participate in collagen production and the fibrotic process in the diseased human liver (caused by hepatitis B or C virus infection, alcohol abuse, obesity, or autoimmune disease) is controversial and because myofibroblasts can be derived from stellate cells, portal myofibroblasts, mesothelial cells, 42 and the epithelial-mesenchymal transition, 43 a molecular marker that is able to uniquely trace stellate cells inhuman liver tissues will be valuable for studying the pathogenesis and fibrotic process of human liver disease.
